In this report, we show that a ZucZ reporter spanning 12.5 kb of murine Hoxd# genomic DNA contains the major regulatory elements controlling Hoxd4 expression in the mouse embryo. Mutational analysis revealed multiple regulatory regions both 5' and 3' to the coding region. These include a 3' enhancer region required for expression in the central nervous system (CNS) and setting the anterior border in the paraxial mesoderm, and a 5' mesodermal enhancer that directs expression in paraxial and lateral plate mesoderm. A previously defined retinoic acid response element (RARE) is a component of the 5' mesodermal enhancer. Our results support a model in which retinoic acid receptors (RARs) and HOX proteins mediate the initiation and maintenance of Hoxd4 expression. 0 1997 Elsevier Science Ireland Ltd.
Introduction
The Hox genes encode homeodomain-containing transcription factors. They govern early embryonic patterning by assigning positional identity along multiple body axes, including the anteroposterior (AP) axes of the trunk and limb, through their differential expression (McGinnis and Krumlauf, 1992; Krumlauf, 1994) . There are 39 Hox genes in vertebrates, organized into four homologous clusters located on four different chromosomes (Krumlauf, 1994; Zeltser et al., 1996) . They are expressed in a temporally *Corresponding author. Tel.: +l 514 3988937, fax: +I 514 3986769, e-mail: featherstone@medcor.mcgill.ca and spatially characteristic pattern in the embryo which is collinear with their genetic organization in the genome; the more 3' paralogous genes are expressed earlier and more anteriorly than the 5' paralogous genes during embryogenesis (Akam, 1989; Duboule and Doll& 1989; Graham et al., 1989; Izpisua et al., 1991) . Alteration of normal expression patterns leads to homeotic transformation or malformation. In many cases, gain of function mutations lead to posterior transformations, while loss of function leads to anterior transformations.
However, exceptions have been observed and malformations that are not easily explained as homeotic transformations have been frequently noted (Krumlauf, 1994and references therein) .
Accumulating evidence suggests that retinoic acid (RA) determines axial patterning through the direct regulation of Hox gene expression. RA induces Hox gene expression in EC cells and ectopic expression in the chick wing bud (Baron et al., 1987; Featherstone et al., 1988; Galliot et al., 1989; Oliver et al., 1990; Simeone et al., 1990 Simeone et al., , 1991 Papalopulu et al., 1991) . Hox gene expression boundaries are anteriorized in the CNS and vertebral column by RA treatment at early stages of gastrulation (Kessel and Gruss, 1991; Conlon and Rossant, 1992; Kessel, 1992) . RAREs have been found in the flanking regions of some Hox genes and they are required for correct expression of Hoxul and Hoxbl transgenes (Langston and Gudas, 1992; Marshall et al., 1994; Studer et al., 1994; Frasch et al., 1995; Dupe et al., 1997) . Furthermore, some Hox and RAR null mutants share common phenotypes, such as the acquisition of an anterior arch of the atlas by the second cervical vertebra in Hoxb4, Hoxd4 and RARy mutant mice (Lohnes et al., 1993; Ramfrez et al., 1993; Horan et al., 1995a) .
In addition to control by RARs, a number of studies have shown that auto-and cross-regulation by the HOX proteins themselves are important regulatory features of Hox gene expression. Forced expression of Hoxul ectopically activates Hoxbl in the rostra1 mouse embryo (Zhang et al., 1994) and an autoregulatory element has been precisely defined in Hoxbl flanking regions by transgenic analysis (Popper1 et al., 1995) . A 3' neural enhancer of the murine Hoxb4 gene is responsive to the products of Hoxb4, Hoxd4 and Hoxb5 in the mouse embryo (Gould et al., 1997) .
Hoxd4, together with Hoxa4, Hoxb4 and Hoxc4, constitute paralogous group 4, evolutionarily related to the Drosophila Deformed homeotic gene. The anterior expression boundary of Hoxd4 is at the junction of rhombomeres 6 and 7 in the central nervous system and at prevertebrae 1 in paraxial mesoderm. It also has been detected in adult kidney, testis, lung and heart (Featherstone et al., 1988; Gaunt et al., 1989) . Mice bearing a null mutation of Hoxd4 show homeotic transformations and malformations of cervical vertebrae and the basioccipital bone of the skull, consistent with the function of Hox genes in assigning positional identity (Horan et al., 1995a) . The expression of Hoxb4 and Hoxd4 is anteriorized after RA treatment of mouse embryos (Conlon and Rossant, 1992; Folberg and Featherstone, unpublished data) and Hoxd4 has been shown to respond to RA in EC cells (Featherstone et al., 1988 ). An RAresponsive region of Hoxd4 has been mapped to a 402 bp Ncol fragment by deletion of Hoxd4 5' genomic sequence in a reporter construct. Point mutations in transient expression assays identified a DR5 type RARE. This RARE has been confirmed to bind RARs in nuclear extracts (Popper1 and Featherstone, 1993) and is highly conserved and active in the human HOXD4 gene (Moroni et al., 1993; Morrison et al., 1996) . In addition, an autoregulatory element of the murine Hoxd4 gene has been mapped through transfections in tissue culture (Popper1 and Featherstone, 1992) .
Transgenic analysis has been widely used in mapping Hox gene cis-regulatory elements and evaluating their roles in vivo. In the present study, we took this approach to demonstrate that a 12.5 kb fragment of murine Hoxd4 genomic DNA directs the embryonic expression of a 1acZ reporter in a manner that closely resembles the expression of the endogenous gene. We mapped a 3' region (region A) that is absolutely required for CNS expression and also sets the anterior expression boundary in somites. In addition, we show that a major mesodermal enhancer is located at the 5' end of the Hoxd4 transcription unit. The RARE is an important component of this 5' mesodermal enhancer. Our results support a model whereby signaling via the RARs initiates Hox gene expression and this expression is then refined and maintained by auto-and cross-regulatory input.
Results

A 12.5 kb fragment of Hoxd4 genomic DNA (construct 1) contains major cis-regulatory elements
In Hoxb4, a paralogous gene of Hoxd4, the regulatory elements located 3' of the gene (region A) and in the intron (region C) direct transgene expression in the correct domain (Whiting et al., 1991) .'By contrast, another fourth group paralog, HoxuQ, contains major cis-regulatory elements 5' to the gene (Behringer et al., 1993) . We therefore made a construct containing 12.5 kb of genomic DNA from the Hoxd4 locus (construct 1, Fig. 1 ). In addition to the 5' sequences, the whole transcription unit and 3' flanking region of Hoxd4 were included. The transgene contains two transcriptional start sites recently mapped in murine Hoxd4 (Folberg and Featherstone, unpublished data) . The lucZ reporter gene, followed by an SV40-derived polyadenylation signal, was inserted in frame following codon 43 of the first coding exon. Three transgenic mouse lines were obtained. All lines shared the same anterior boundary of expression with Hoxd4, which was between rhombomeres 6 and 7 in neurectoderm and between somites 4 and 5 in paraxial mesoderm. Staining in somite 5 was weak, consistent with the results of whole-mount in situ analysis (Folberg and Featherstone, unpublished data) . Two lines (Tg 8.33 and 8.43 ) strongly expressed posteriorly down to somite 13 and weakly expressed caudal to somite 13 (Fig.  2c) , while the other line (Tg 8.14) expressed strongly to somite 8, weakly from somite 9 to somite 13 and lost expression in more posterior regions (data not shown). The expression of the transgene was first detected in somitic mesoderm at 8.25 d.p.c. (Fig. 2a) . By 8.5 d.p.c., the anterior boundary of transgene expression was clearly set just posterior to the otic sulcus in neurectoderm, between future rhombomeres 6 and 7, and a few somites more posterior in paraxial mesoderm (Fig. 2b) . The somitic boundary can be placed between somites 4 and 5 later on day 9.5 ( Fig. 2~) . Limb buds also stained at the anterior and posterior base and in the apical ectodermal ridge at day 10.5 (data not shown). Broad expression throughout the forelimb bud, seen by in situ hybridization (Doll6 et al., 1989; Folberg and Featherstone, unpublished data) , was not apparent with the transgene. Therefore, this construct largely reproduced the normal Hoxd4 expression pattern and contained major regulatory elements of Hoxd4. The construct number for 1acZ reporters is given on the left. Arrows, Hoxd4 promoters; the previously mapped RARE is designated as a black box; ARE, the previously mapped autoregulatory element; the hatched square represents a mutation in the RARE; smaller solid square, homeobox (HB); broken line, ZacZ insertion into the coding region; N, Ncol; H, Hindlll; S, Sphl. On the right are the expression patterns in transgenic mouse embryos or lines; +, expressed with an anterior boundary between rhombomeres 6 and 7 (CNS) or somites 4 and 5; * indicates that the anterior boundary is posteriorized by one somite; #, number of lacZ-expressing transgenic embryos or lines displaying a consistent pattern over the total number of transgenic embryos or lines identified by Southern blot. Constructs l-4 were analyzed in permanent transgenic lines, while constructs 5 and 6 were assessed via 'transient' transgenics (embryos dissected 9.5 or 10.5 days after pronuclear injection and oviduct transfer).
Mutation of the RARE in construct I has no effect on transgene expression
The faithful expression of construct 1 allowed us to evaluate the role of the Hoxd4 RARE in vivo. In transfection assays, either point mutation of the RARE! or deletion of the Ncol fragment reduced RA responsiveness to background levels (Popper1 and Featherstone, 1993) . Transgenic mouse lines which bear similar Hoxd4llacZ reporters with either the same point mutation (construct 2) or deletion (construct 3) were generated ( Fig. 1) . Two lines each were analyzed. Most lines showed no visible difference in the expression pattern from wild-type transgenic mice. One of the construct 2 lines had extensive ectopic expression in the head region, including hindbrain, telencephelon and midbrain (data not shown).
the CNS, expression of construct 4 was undetectable in the neural tube. This is consistent with the neural enhancer role of the comparable Hoxbl region A. The expression of the transgene in paraxial mesodenn was seen to be one somite posterior to the wild-type pattern of construct 1, with dispersed expression in somite 6 and strong staining caudally (Fig. 3b) . In construct 1, the anterior boundary is up to somite 5 inclusive, indicating that the setting of the correct anterior boundary in the somites requires region A. Weak expression in the dorsal neural tube at the level of somites l-5 at day 10.5 ( Fig. 3c) was not present in all lines. &topic expression in one line was first seen in the otic vesicle from day 9.5. It became stronger through day 1 I .5. Thus, region A contains a strong neural enhancer that directs expression up to the border between rhombomeres 6 and 7, in addition to a mesodermal enhancer that sets the correct expression boundary in somites.
A 3' HindIII fragment (region A) is required for neurectoderm expression and setting the anterior boundary in mesoderm
A mesodermal enhancer is located towards the 5' end of the Hoxd4 transcription unit
Region A of the paralogous gene Hoxb4, located 3' to the cis-regulatory elements have been detected in the intronic transcription unit of the gene, directs neural expression with region of Hoxb4 (Whiting et al., 1991) . We therefore deleted the correct anterior boundary (Whiting et al., 1991) . We the remaining sequences 3' of the ZacZ gene in construct 4 to therefore tested construct 4 lacking 4 kb of 3' sequence give construct 6 and tested this by pronuclear injection. Of (Fig. 1) . Of 10 transgenic mice derived from construct 4, five showed expression. Three lines were propagated for 40 transgenic embryos harvested at day 9.5, 20 expressed the reporter. Importantly, their expression pattern was indisfurther analysis. The expression of the construct 4 transgene tinguishable from the parental construct 5 (data not shown). was first seen in posterior paraxial mesoderm of embryos at Thus, regulatory elements in the Hoxd4 intron are either 8.0-8.5 d.p.c., similar to wild-type construct 1 (Fig. 3a) .
lacking or redundant to elements located further 5' in the However, at 9.5 days, when construct 1 is highly active in transcription unit. This result maps a strong mesodermal 
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enhancer 5' to codon 43. This enhancer has the Hox-like property of setting an anterior border, albeit one somite posterior to wild-type.
Mutation of the RARE in construct 4 decreases the efficiency of the 5 mesoderntal enhancer
When the RARE was mutated in the construct 4 background to give construct 5, two of 12 transgenic embryos showed an unchanged pattern of expression ( Fig. 1 ; data not shown). A third embryo showed very weak posteriorly restricted expression not reminiscent of Hoxd4. Thus, the frequency of correctly expressing transgenic embryos obtained upon mutation of the RARE (17%) was considerably reduced from that obtained with the parental construct (50%). This demonstrates that the Hoxd4 RARE makes an important contribution to the efficiency of the mesodermal enhancer, perhaps shielding the transgene from repressive chromatin effects at some sites of integration.
The effect of RA on transgene expression
The expression of various Hox genes has been shown to be anteriorized after treatment with RA (Kessel and Gruss, 1991; Conlon and Rossant, 1992) . To test whether expression of our transgene reporters is shifted anteriorly by RA treatment, RA was given to pregnant mice 4 h before day 8.5 or at day 8.5 and the treated embryos were dissected 4 or 24 h later and stained for P-galactosidase activity. The anterior boundary of construct 1 transgene expression was not altered at 4 h but was anteriorized at 24 h. Ectopic expression was strong in rhombomere 6 and 4, and weak or absent in 5,3 and more anterior. The expression domain in somites did not change (Fig. 4) .
Constructs bearing a mutated RARE (construct 2 or 3) also respond to RA 24 h after treatment and showed a periodic pattern as seen for construct 1 (data not shown). Construct 4 did not respond to RA at either time point (data not shown). We conclude that RA anteriorizes Hoxd4 transgene expression through the 3' neural enhancer located in region A. The construct 1 transgene reproduces the majority of the expression pattern of endogenous Hoxd4, including anterior boundaries between rhombomeres 6 and 7 in neurectoderm and between somites 4 and 5 in paraxial mesoderm (Fig. 2c; Folberg and Featherstone, unpublished data) . The posterior portion of somite 5 in the chick contributes to prevertebra 1 later during development (Couly et al., 1993) , where the most anterior expression domain of Hoxd4 has been reported (Featherstone et al., 1988; Gaunt et al., 1989) . The expression of Hoxd4 is not detected at day 8.0 but is from day 8.5 on (Gaunt et al., 1989; Folberg and Featherstone, unpublished data) , consistent with the initiation of transgene expression at 8.25 d.p.c. (Fig. 2a) . In contrast to the endogenous expression pattern, the transgene is not expressed in the limb bud or primitive streak. As for Hoxdll (Vanderhoeven et al., 1996) , these findings imply that long-range interactions and sharing of regulatory elements between Hox genes also regulate Hoxd4 expression in the limb bud.
Region A is required for correct Hoxd4 expression in mesoderm and CNS
Deletion of region A from construct 1 to give construct 4 abolished expression in the CNS, clearly showing the importance of this element. The corresponding region of Hoxb4 has been shown to direct transgene expression in the CNS (Whiting et al., 1991) . Finer analyses have revealed that the Hoxbl region A neural enhancer contains an autoregulatory element that mediates transcriptional activation by fourth group paralogs in mice and flies (Gould et al., 1997) . This suggests that the neural enhancer function of the Hoxd4 region A will similarly involve an autoregulatory element. For Hoxa4, while the endogenous expression pattern can be mimicked by sequences 5' to the gene (Behringer et al., 1993) , it likewise contains a 3' region A type enhancer with both mesodermal and neural activities (Morrison, Ariza-McNaughton, Gould, Featherstone and Krumlauf, unpublished data).
The expression of construct 4 in paraxial mesoderm was one somite posteriorized relative to construct 1, demonstrating that the setting of the correct anterior boundary in the somites also requires region A. Thus, region A harbors both mesodermal and neural enhancers, as has been recently confirmed (Morrison, Ariza-McNaughton, Gould, Featherstone and Krumlauf, unpublished data) . Both activities may thus involve an autoregulatory component.
The Hoxd4 RARE is a component of a 5' mesodermal enhancer
Deletion of all Hoxd4 sequences 3' to codon 43 (construct 6) permits strong expression in the somitic column with an anterior boundary one somite more posterior than either construct 1 or the endogenous gene. This necessarily maps a strong mesodermal enhancer to the 5' end of the Hoxd4 transcription unit. Moreover, this mesodermal enhancer has the property of setting an anterior boundary, though this is one segment posteriorized relative to wild-type. Two classes of cis-regulatory elements have been shown to set anterior boundaries of Hox gene expression. For Hoxbl, both RAREs and autoregulatory elements cooperate to set the anterior (and posterior) borders of expression in rhombomere 4. We have evidence that both classes of elements >F. Zhang et al. /Mechanisms of Development 67 (1997) 49-58 55 may function in the context of constructs 4 and 5 to set the anterior border of transgene expression in somites. First, we have previously mapped an autoregulatory element in Hoxd4 5' flanking sequences (Popper1 and Featherstone, 1992) . The highly conserved element from human HOXD4 is able to function as a Deformed-responsive autoregulatory element in flies (Mali&i et al., 1992) . Second, mutation of the RARE in construct 4 to give construct 5 reduces the frequency of transgene expression in the somitic column, demonstrating that the RARE is a component of this mesodermal enhancer. The mechanistic basis for this effect could be a requirement for the RARE to render the chromatin accessible to other truns-acting factors, including HOXD4 itself. Thus, a fraction of transgene integration sites in closed or inactive chromatin would suppress transgene expression in the absence of the RARE. The recent demonstration that RARs do indeed model chromatin structure between inactive and active states is consistent with this idea (Nagy et al., 1997) .
Other evidence is consistent with the somitic function of the RARE. RA is synthesized in the node and thus is available to pre-somitic mesoderm (Chen et al., 1992; Hogan et al., 1992) . RAR/3 and RARa are also expressed in pre-somitic and somitic mesoderm, while RARy transcripts are found in the pre-vertebral condensations (Ruberte et al., 1990; Ruberte et al., 1991) . RA anteriorizes Hox gene expression in the prevertebral column, followed by vertebral transformation, implicating an RA-Hox pathway in mesodermal derivatives (Kessel, 1992) . The Hoxd4 RARE is required for efficient frequencies of expression up to and including somite 6, which would be expected to contribute to the second cervical vertebrae (C2). One of the defects in Hoxd4 mutant mice is precisely at C2, namely a C2 to Cl homeotic transformation (Horan et al., 1995b) . Interestingly, the same transformation is seen in RARy null mutants, suggesting that the transformations may be mediated through decreased expression of fourth group paralogs like Hoxd4 (Lohnes et al., 1993) . Compound mutants for the paralogous fourth group Hox genes show a dose-dependent effect on this homeotic transformation (Horan et al., 1995b) .
The human HOXD4 RARE is highly conserved with mouse (Moroni et al., 1993) and has recently been shown to direct transgene expression to the CNS in conjunction with a heterologous promoter (Morrison et al., 1996) . Interestingly, the anterior border in the CNS that is set by this construct is posterior to that of the endogenous gene. Thus, both mesodermal and neurectodermal elements at the 5' end of Hoxd4 are able to set an anterior expression boundary, but the 3' region A is required to set wild-type borders. We were unable to observe a role for the RARE in neurectoderma1 expression in the context of full length transgenes that retain region A (constructs 2 and 3). This strongly suggests that region A masks the CNS function of the RARE in the context of the transgene. Together, these results reveal important roles for the HOXD4lHoxd4 RARE in both neurectodermal and mesodermal derivatives.
Exogenous RA anteriorizes the Hoxd4 expression domain
The expression of various Hox genes has been shown to be anteriorized after treatment with RA (Kessel and Gruss, 1991; Conlon and Rossant, 1992; Kessel, 1992) . The anterior boundary of construct 1 transgene expression in embryos was not altered at 8.5 d.p.c. after 4 h of RA treatment, but was anteriorized at 9.5 d.p.c. after 24 h of treatment. For Hoxb4 and Hoxd4, the anterior expression boundary is shifted anteriorly at 8.5 d.p.c. within 4 h of RA treatment (Conlon and Rossant, 1992; Folberg and Featherstone, unpublished data) , perhaps revealing regulatory differences between the transgene and the endogenous gene. After 24 h, Hoxd4 transgene expression was strongly induced in rhombomeres 6 and 4 and weakly in rhombomere 2. The expression domain in somites did not change. Interestingly, this periodic expression pattern in the hindbrain is reminiscent of RAR@2/4 expression after RA treatment (Zimmer and Zimmer, 1992; Mendelsohn et al., 1994) , suggesting that the anterior shift is partially mediated by RARP. In fact, RARP has been shown to act through the highly conserved human HOXD4 RARE;. in cell culture (Moroni et al., 1993) . The ectopic expression of RARP induced by RA is transient, while the ectopic expression of Hox genes is stable (Conlon and Rossant, 1992) . This is consistent with a later RARP-independent event, for example, an autoregulatory mechanism that follows RAmediated initiation. In addition, mutation or deletion of the RARE in construct 1 did not abolish the anterior shift in the CNS, demonstrating that the anterior shift in the transgene is mediated by other elements. Recent studies demonstrate that anteriorization is, in fact, mediated by the neural enhancer of region A. While no obvious consensus RARE is detectable in region A of Hoxd4, a number of half-sites have been noted (Morrison, Ariza-McNaughton, Gould, Featherstone and Krumlauf, unpublished data) . Thus, an initial direct response to RA cannot be formally excluded at this time.
Construct 4, in which region A is deleted, does not respond to RA. Thus, an increase in RAR activity is not sufficient to rescue CNS expression lost upon deletion of the region A neural enhancer. The human HOXD4 promoter and 5' flanking region also cannot drive reporter gene expression in the embryonic CNS and is refractory to RA induction in vivo (Morrison et al., 1996) . Interestingly, a 185 bp region spanning the RARE of the human HOXD4 gene will direct the expression of a heterologous promoter to the CNS and is responsive to RA. The highly conserved region in mouse would be expected to similarly activate a heterologous promoter in vivo. This may implicate a CNS repressor element in the promoter-proximal region of the murine Hoxd4 sequences used here. We note, however, that one of the transgenic lines bearing construct 4 did display a late domain of expression in the CNS detectable on day 10.5. The anterior border of this late domain of CNS expression appears similar to that established by the human HOXD4 RARE (coupled to a heterologous promoter) and may reflect a comparable activity. The failure of any construct to respond to RA in the somitic column is supported by the observation that endogenous Hoxd4 is likewise unresponsive in this compartment (Folberg and Featherstone, unpublished data) . Given that RA treatment has been shown to anteriorize the expression of some Hox genes in the prevertebral column (Kessel and Gruss, 1991; Kessel, 1992) , these results may indicate that sclerotomal derivatives enter an RA-responsive window near the beginning of prevertebral condensation.
A model for the initiation and maintenance of Hoxd4 expression
In summary, we propose the following model (Fig. 5 ): Hoxd4 harbors a 5' RARE in addition to 5' and 3' autoregulatory elements that contribute to aspects of both CNS and somitic expression. The RARE normally acts to initiate endogenous Hoxd4 expression in mesoderm and neurectoderm, but is dispensable for transgene expression due to rescue by the products of fourth group paralogs acting through the ARES. Late anteriorized expression in response to RA likewise would be due to the ectopic induction of fourth group paralogs whose products bind these 5' and 3' ARES. Removal of region A results in increased dependence on the RARE for somitic activity as revealed by a drop in the frequency of transgene expression. In support of an autoregulatory role for HOXD4, the function of the auto- Step 1: RA, acting through receptors bound to the Hoxd4 RARE (labeled open box), initiates the expression of the endogenous gene and the transgene.
Step 2: this results in the synthesis of HOXM protein from the endogenous gene.
Step 3: HOXD4 acts positively on a 5' autoregulatory element (open box labeled ARE) and on a 3' ARE in region A. Altematively, other tram-acting factors could bind region A instead of, or in addition to, HOXD4. Thus, the RARE is dispensable for transgene expression since maintenance factors acting through region A and the ARE will rescue expression. Removal of region A results in increased dependence on the RARE for somitic expression, revealing a role for the RARE in Hoxd4 activity. Tbis model is based on a generalized scheme proposed by others (Lewis et al., 1977). regulatory element in region A of Hoxb4 has been shown to depend on both Hoxb4 and Hoxd4 paralogs (para-regulation) (Gould et al., 1997) . In addition, HOXD4 can functionally substitute for Deformed protein in Drosophila to activate the Dfd gene, suggesting a conservation of autoregulatory function (McGinnis et al., 1990) . Recent studies have clearly demonstrated that at least some Hox genes are controlled both by direct RA-responsive and autoregulatory mechanisms in the embryo (Popper1 et al., 1995) .
Experimental procedures
4.1. DNA constructs pPolyIIIAB, which had the BamHZ site in the polylinker of pPolyIII-I (Lathe et al., 1987) destroyed, supplied the vector backbone for all constructs. An approximately 6 kb HindZZZ fragment spanning the full Hoxd4 coding region was isolated from cosE (Featherstone et al., 1988) and cloned into the HindZZZ site of pPolyII1A.B. The construct pHHPolyIIIANN was made from this plasmid by deleting a NcoZ fragment containing the RARE in the Hoxd4 5' flanking region.
The ZacZ gene was isolated from plasmid pKS(Sal-Sal)-Bluescript + SDKlacZpA (Calzonetti et al., 1995) . A fragment containing ZacZ and the SV40 polyadenylation signal (PA) was released with Smal'and BamHZ and blunted, and then cloned in frame into blunt-ended, incompletely Nurldigested pHHPolyIIIANN following codon 43 in the coding region of Hoxd4. The BumHI site, regenerated at the 3' end during ligation, was destroyed to generate construct pHHlacZpAANN.
The 5' Hoxd4 tlanking region was extended to an SphZ site and mutations were introduced in these constructs by replacing the Sal-BamHZ fragment of pHHlacZpAANN by S&Z-BumHZ fragments of the pSX series of plasmids described previously (Popper1 and Featherstone, 1992) . The SuZZ-BumHZ fragment of pSX contained the wild-type genomic sequence, while the corresponding fragments of pSXANAN and pSXm4b introduced a deletion of the 402 bp region containing the RARE or inactivating mutation 4b of the Hoxd4 RARE, respectively. To generate the recombinant plasmids for constructs 1, 2 and 3,4 kb of sequence spanning a HindZZZ fragment at the 3' end of Hoxd4 were used to extend constructs 4 and 5 and a related construct in which the NcoZ fragment containing the RARE had been deleted. For this purpose, an approximately 5.5 kb EcoRZ-NotZ genomic fragment of cosE (blunted at NotZ only) was subcloned into EcoRZlSmuZ digested pPolyIIIAB, generating pENpolyII1. A BgZZZ-SphZ fragment was released from pENPolyII1 and cloned into partially BgZZZ digested and fully SphZ digested recipient plasmids.
Production and identification of trunsgenic mice and Z?A treatment
Outbred CD-1 mice (Charles River, Canada) were used to produce transgenic mouse lines by standard procedures (Hogan et al., 1986) . Permanent lines of transgenic mice were identified by Southern blots of digested tail DNA. Male transgenic mice were mated with CD-l females and the offspring were identified by PCR detection of LucZ using a modified protocol (Gendron-Maguire and Gridley, 1993) . PCR was used on yolk sac DNA to identify transient transgenie embryos.
RA was given to pregnant mice as described by Conlon and Rossant (1992) . All-truns RA (25 mg/ml; Sigma) in DMSO was made as a stock solution and stored at -20°C for less than 1 week. Ten times freshly diluted RA in vegetable oil (0.2 ml) was delivered by gavage. Control mice received the same amount of vegetable oil only. Pregnant mice were sacrificed at desired stages and embryos were dissected in PBS. Midnight of the night of the plug was counted as day 0.
/3-Guluctosiduse staining
Embryos were fixed in 0.2% glutaraldehyde, 2% formaldehyde, 5 n&I EGTA, 2 mM MgC12 and 0.1 M PBS (pH 7.3) at room temperature for 15-30 min and then washed three times for 15 min each in washing buffer containing 0.2% NP-40, 0.1% sodium deoxycholate and 2 mM MgCl* in 0.1 M PBS (pH 7.3) at room temperature. They were then stained in the dark in washing buffer with 1 mg/ml bluogal, 5 mM K3Fe(CN)6 and 5 mM &Fe(CN), at room temperature overnight. The stained embryos were kept in washing buffer containing 0.02% of NaNs until photographed.
